A Convenient Thermal Performance Evaluating Method for Unitary AC (DX) Units  by Zheng, Keke & Cho, Young K.
 Procedia Engineering  118 ( 2015 )  391 – 403 
Available online at www.sciencedirect.com
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of the International Conference on Sustainable Design, Engineering and Construction 2015
doi: 10.1016/j.proeng.2015.08.439 
ScienceDirect
International Conference on Sustainable Design, Engineering and Construction 
A Convenient Thermal Performance Evaluating Method for Unitary 
AC (DX) Units 
Keke Zhenga,*, Young K Chob 
aTexas A&M Engineering Experiment Station, College Station 77843, USA 
bGeorgia Institute of Technology, Atlanta, USA  
Abstract 
For most light commercial buildings and residential houses, the thermal energy system is usually a unitary air system and only 
rated as standard-satisfied during the initial installation and commission phase, regardless of the performance during the whole 
life cycle. Further, the thermal energy system is normally equipped with low initial cost and simple controller, usually one 
thermostat, which results in the poor maintenance since no specific diagnostic sensors were installed. The maintenance is 
required only when the system capacity is degraded and no longer satisfied, which already results in large amount of energy 
wasting. 
Existing evaluation methods for building thermal energy system have two major limitations. Firstly, they mainly work for those 
with advanced building automation system (BAS) control, which is extremely costly and usually adopted for large commercial 
building. Secondly, advanced specific knowledge is required, which is relatively complicated for average residents. 
This study developed a convenient method for the thermal performance evaluation of these DX or Unitary AC units: provide one 
simple and convenient method to quantify the thermal performance and continuously monitor thermal performance during the 
whole life-cycle period; present a building thermal performance rating procedure; implement the proposed method through either 
field data or standard compliant as-built simulation. 
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1. Introduction 
Nowadays in the United States, there are more than one hundred million residential households and these existing 
residential buildings represent an extremely large source of potential energy savings.  According to the official 
energy statistics from DOE EIA for 2011, residential sector currently accounts for 22% of United States energy 
consumption and 37% of United States electricity consumption. In this study, single-family detached house was 
adopted for implementing the proposed thermal evaluation method.  
From the thermal load viewpoint, the unique features distinguishing residences from other types of buildings are 
the following: 1) Smaller internal heat gains: main thermal loads are imposed by heat transfer through the envelope 
and air leakage. 2) Varied use of spaces: the use of spaces is more flexible. 3) Fewer zones: residences are generally 
conditioned as a single zone and usually only one thermostat controls unit output for multiple rooms. 4) Partial 
loads: thermal loads are largely determined by outside conditions, the unit operates at partial load during most of the 
season, which is detrimental to system performance. 5) Space heating and cooling: Figure 2 illustrates the end-use 
energy consumption for residential building (DOE EIA 2008), space heating and cooling combined account for 54% 
of site energy consumption, space heating is 45% and space cooling is 9%. (ASHRAE 2005, Kuehn 1998, Krarti 
2000, DOE EIA 2008) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. End-use energy consumption for residential building. 
For residential buildings, thermal energy system is typically a unitary air system or a central split system, which 
are most popular in that the initial cost is relatively low and the corresponding operation and control are also simple. 
However, the simple controller, just one cycle on-off thermostat, often results in the poor maintenance for the 
thermal systems since no specific diagnostic sensors were proposed and installed during the initial design and 
installation phases. System capacity will degrade with time, depending on many factors, such as the maintenance, 
wear-and-tear. Subsequently, only when the capacity is no longer adequate, the maintenance service is then required 
which already results in large amount of energy wasting.   
Further, residential buildings are not commonly built with the intention of readily being able to monitor the 
thermal performance and Energy Management and Control Systems (EMCS) have not traditionally been capable of 
providing the energy performance feedback, energy performance tracking has been difficult.  It is hard to estimate 
long-term thermal system performance.  
There have been a number of studies on the unitary system detection and diagnosis for the system performance 
degradation. From the methodology standpoint, these approaches generally fit into two categories: system cycling 
features based, and faults detection and diagnosis (FDD) model based.  
Parkinson (1986) developed a heat pump monitor apparatus for fault detection in a heat pump system, which is 
basically a cycling based method for system diagnostics. A thermostat is used to monitor compressor cycle on/off 
time and the outside air temperature. And this diagnosis approach requires as input the building load characteristic 
versus temperature and rated capacity of the unit. The actual runtime is then compared with the expected run time. It 
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is easy to implement with modest costs, however, this system has not gained popular acceptance since the difficulty 
of obtaining the required inputs specific to the unit and the building.  
William (2008) improved Parkinson's simple cycling diagnostics approach. Rather than requiring calculated 
system or building inputs, the thermostat is used to monitor system cycling performance, thus to establish a baseline 
of the cycling characteristic curve, which requires as input only the compressor cycling times and no need for the 
outdoor conditions or system state conditions. When cycling conditions deviate from the baseline characteristic 
beyond some acceptable tolerance, an appropriate diagnostic alarm would be issued via the thermostat. 
Rossi (1995, 1997) developed a statistical rule-based (SRB) FDD technique for vapor compression air 
conditioners. This technique uses nine temperatures and one relative humidity. Among the ten measurements, 
ambient air temperature, return air temperature, and return air relative humidity (or wet-bulb temperature) are 
considered to be driving conditions. The other seven measurements (evaporating temperature, condensing 
temperature, suction line superheat, liquid line sub-cooling, compressor discharge temperature, air temperature rise 
across the condenser, and air temperature drop across the evaporator are used to specify the system operating state. 
A steady-state model is used to describe the relationship between the driving conditions and the expected output 
states in a normally operating condition. By comparing the measurements of the output states under steady state 
operations with those predicted by the steady-state model, residuals are generated.  These residuals are statistically 
evaluated to perform fault detection and compared with a set of rules based on directional changes to identify the 
most likely cause of the faulty behavior. 
Current practice and research on unitary thermal system performance evaluation are very limited in comparison to 
the commercial buildings with large scale central HVAC systems and advanced EMCS which allows operators to 
monitor, control, alarm, and diagnose building equipment remotely. Also, existing research on unitary system 
performance evaluation has a few limitations: it is not easy to monitor the continuous performance during the 
building long life cycle; existing methods are complicated for common residents; no specific convenient evaluation 
or rating procedure is solely developed for unitary thermal energy system. 
The purpose of this study is to develop and test an overall method for the thermal system performance evaluation 
of both new and existing residential houses: to provide a simple and convenient way to quantify system thermal 
performance and further to monitor it continuously during the whole life-cycle; to develop a practical thermal 
performance rating procedure based on the defined performance parameter; to implement the proposed method 
through either field data or standard compliant as-built simulation. 
2. Method 
2.1. Objective residential building 
This case study building, a single family detached house, was built in 1930 and located in Omaha, NE, USA. It is 
a two-story building with total 2,265 ft2 area. The building front façade and floor plan are shown in Figure 3.  The 
basic construction and envelope information is documented as Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Front Façade and floor plan of the objective residential house 
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                             Table 1. General construction and envelope data of the objective building. 
Item List Description Item Description 
Area 2265.0 ft2 Quality Good 
Story 2 Condition Average 
HVAC Central Air to Air Room 7 
Exterior Masonry Common 
Brick 
Baths 1 
Interior Dry wall Bedroom 3 
Roof cover Slate Foundation Block 
Roof type Gable Porch Open Slab  
Basement 1196 ft2 Garage Built in 
 
    The conditioned area of this house is served by a single duct constant air volume centralized air-to-air system. 
The mechanical equipment includes an outdoor DX unit and indoor distribution duct system. The controller is a 
thermostat installed in the living room to maintain the interior temperature setpoint.   
2.2. Heat Balance Analysis 
The major sources of heat gain into and heat loss out from a residential house are summarized in Figure 4a, and 
the corresponding heat flux direction is illustrated for heating season. The heat gains are mainly from solar (Qsolar), 
people(Qpeople), and electrical appliances(Qelectricity), the heat loss are mainly from walls(Qwalls), windows(Qwindows), 
ceiling(Qceiling), doors(Qdoors), ground(Qground) and infiltration (Qinfiltration). 
   a 
 
 
 
 
 
 
 
 
 
 
                                                   
                                           b
 
 
 
 
 
Fig. 4. (a) Detailed heat balance schematic (b) Simplified heat balance schematic. 
395 Keke Zheng and Young K. Cho /  Procedia Engineering  118 ( 2015 )  391 – 403 
The net heat loss out is the heating load, and the net heat gain in is from the thermal energy system.  Based on the 
energy balance principles, the net heat out is described as Equation (1). And the Equation (2) defines the variables of 
net heat out and in from the conditioned space: 
Qnet,out    Qload    (Qwalls   Qwindows   Qdoors   Qinf iltration  Qground )out  
 (Qsolar Qpeople Qelectricity )in
  (1) 
          Qnet,in  Qsystem  Qsys                                                                                                                                      (2) 
The outside air temperature is To and the room temperature setpoint is Tsp, the heat loss out is Qload and the heat 
gain in is Qsystem, both of which work together to maintain the room temperature setpoint Tsp with an adjustable 
deadband (¨Tsp), i.e., thermal system will be off when room temperature is within the deadband as formulated in 
Equation (3): 
           Tsp  ('Tsp / 2)dTi dTsp  ('Tsp / 2)                                                                                                        (3) 
A dynamic room air modeling is developed based on the simplified thermal balance analysis of the control 
volume in Figure 4b. In this study, only the sensible heat transfer, the temperature-driven mode, is discussed. Based 
on the thermal energy balance, the space temperature forms a time rate-of-change in the following equation:  
      Ci
dTi
dt
 Qnet,in Qnet,out  Qsystem Qload                                                                                                        (4) 
Where, Ci  is the space air thermal capacity in Btu/°F, Ti  is the space air temperature in °F, Qsystem is the  thermal 
system capacity in Btu/hr and  Qload is space thermal load in Btu/hr. 
2.3. Residential House Thermal Characteristics 
x Thermal load source 
For residential buildings, the energy use is dominated by outdoor weather since heat gain and loss from direct 
heat conduction or from air infiltration/exfiltration through building envelope accounts for a major portion of the 
energy consumption.  
x Simple controller 
Thermal system control of a residential house is designed to maintain the temperature through a thermostat 
installed in the room.  A typical thermostat is a two-position controlled device has two operating states (on and off), 
which is named as controller differential, the difference between the higher and lower set points (Thigh,Tlow) at which 
the controller operates from on to off state. Figure 5 illustrates the trends of both zone temperature and cycle for the 
heating system with constant capacity in a simulated residential house, where  ton is the thermal system on time and 
toff is the thermal system off time during each cycle. 
2.4. Thermal Balance Model 
Based on the unique features of the residential house described in section 2.3, some reasonable simplifications 
during each thermal system cycle are assumed as below: 
 
x Building thermal capacity Cb is approximately constant;  
x A uniform space air temperature in the control volume, i.e. the house interior space temperature; 
x Thermostat deadband ¨Tsp is approximately constant; 
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x The outdoor weather condition and the interior condition are approximately stable;  
x System Capacity Qsystem is constant when outside weather conditions is not within extreme conditions. 
 
Fig. 5.  Illustration of two position thermostat function and zone temperature control 
Therefore, zone heat balance equation can be further simplified as below: 
During the SYSTEM ON time period of each cycle,   
Cb  (Thigh Tlow )
ton
 
Cb  'Tsp
ton
 Qsystem Qload  Qsystem BLC  (Ti To )                             (5)      
During the SYSTEM OFF time period of each cycle,   
Cb  (Thigh Tlow )
toff
 
Cb  'Tsp
toff
 Qload  BLC  (Ti To )                                                          (6)      
Where,  
= zone thermal mass capacity, Btu/°F; 
= zone temperature setpoint deadband high end, °F; 
 = zone temperature setpoint deadband low end, °F; 
 = zone temperature setpoint deadband, °F. 
Ui = Building envelope components heat conduction coefficient, 
Ai = Building envelope area. 
BLC = building load coefficient, defined as the following equation: 
 
 BLC  Qload
Ti To
 
Ui  Ai
i
¦ Qint Qsol QinfTi To
§
©
¨
·
¹
¸ (Ti To )
Ti To
 Ui Ai
i
¦  Qint Qsol QinfTi To
    (7)         
 
The first component of the equation's right part represents the influence of the building’s construction components 
on the building load coefficient; and the second component of the equation's right part reflects the influence of the 
building’s main thermal gain sources on the building load coefficient. 
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2.5. System Performance Parameter Definition 
Based on Equation (5) and (6), during the SYSTEM ON time period of each cycle,  
Qsystem BLC  (Ti To )ª¬ º¼ ton  Cb  'Tsp                                                                                    (8)  
During the SYSTEM OFF time period of each cycle,  
BLC  (Ti To )  toff  Cb  'Tsp                                                                                                      (9)  
Therefore,   
Cb  'Tsp
Qsystem
 
toff  ton
ton  toff
                                                                                                                     (10)     
 
It is obviously that the left side of the equation (10) is only related to the thermal system capacity when the space 
temperature setpoint differential is fixed, and the right side, ton and toff  can be acquired easily from the thermal 
system cycle data. Hence, we can define the left side as a unique feature named as Building Thermal energy System 
Performance Parameter, to each thermal energy system under the objective residential building. 
3. Implementation
This section describes the procedure to acquire the Thermal Performance Parameter, including cycle data 
collection, data filtering, data analysis, and parameter calculation. 
3.1. Cycle data collection 
    AC current data logger, shown in Figure 6a, was tested to collect the cycling information. The data logger 
monitors the AC field generated by the motor of the blower. The current of the blower motor is around zero amps 
when system is off, while the current is about 10 amps when the system is on. Figure 6b shows a random sample of 
the cycle data in the formats of both graph and table. 
     
               a)                                                                                           b)                                                                                    
 
   
 
 
     
 
  
 
Fig. 6.  (a) AC current data logger setup and  (b) sample AC current data. 
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    When the cycle data were collected, the further step is to arrange these discrete data into a grouped data for each 
cycle, then calculate the corresponding on-time interval ton and off-time interval toff within each cycle. In Figure 8, a 
selected sampling of the grouped on/off data was rearranged through programming. The first column marked with 
OFF is the system off cycle beginning timestamp, the second column marked with OFF/ON is the ending timestamp 
for off cycle and also the beginning timestamp for on cycle, the third column marked with ON is the ending 
timestamp for on cycle, the forth column marked with TOFF is the calculated total time for system off cycle, and the 
fifth column marked with TON is the calculated total time for system on cycle.   
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Sample of the grouped cycle data 
3.2. Data analysis 
Although what was concerned about is the energy system itself's thermal property, solar radiation, internal gain 
and infiltration also have major nonlinear impacts on the relation between building thermal load and outdoor air 
temperature. It is critical to decouple those external disturbances. Below lists several ways to minimize the impacts: 
 
•   To avoid the influences of strong solar radiation, select cycles occurred in cloudy day or evening; 
•  To minimize influences of the internal heat gain, refer to the family daily activities schedule to avoid an 
extreme amount of internal heat gain; 
•   To avoid the influences of extreme infiltration, select the days with low wind speed; 
•   Exclude some special days with extreme weather including snow, rain, tornado, storms and so on. 
 
The required weather information, including outside air dry-bulb temperature, outside air relative humidity (RH), 
wind speed, solar radiation intensity and so on, is conducive to the cycle data filtering. The local weather data can 
from either the field weather station or online real-time weather database by the weather data vendors. 
3.3. Field Test 
All the raw data was collected from the case-study house in Figure 3 during the period from December 2009, 
January and December 2010. In this section was the final result of the system performance parameter, all of which 
were generalized monthly in graph format. 
    Figure 8 to Figure 10 illustrate the performance parameter results during heating season. Only filtered data results 
are included here.  In these graphs, the vertical axis represents the respective field values for the thermal 
performance parameter, while the horizontal axis shows the corresponding outside air temperature, which is 
approximately in a linear relation to the zone thermal load. 
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Fig. 8. Filtered Data of December 2009 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Filtered data of January 2010 
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Fig. 10.Filtered data of December 2010. 
    The performance parameter results were further refined through statistical analysis. Statistical results of the 
parameter are listed in Table 2. As seen from the table, during the heat seasons, especially for December 2009 and 
January 2010, the parameter has a good consistence, which further validates the feasibility of the developed 
parameter as a unique feature for building thermal energy system. 
                          Table 2. Field test results of building thermal system performance parameter. 
(Cb*¨T)/Qsys [Min] December, 2009 January, 2010 December, 2010 
Average Value 7 7 8 
Standard Deviation 1 1 1 
 
4. Thermal Performance Evaluation 
In order to evaluate the building's thermal system performance, the key point is to establish a thermal 
performance baseline. A straightforward way is to compare the performance parameter values between the existing 
building and one baseline building with same physical size and known thermal performance, which could be either a 
real prototype building or a virtual one that is compliant with energy efficiency standards.  
For a new building, as-built simulation is the most convenient solution to implement thermal performance 
assessment; while for an existing building, it depends on the availability of the historical performance data, i.e., the 
evaluation may be implemented either by the as-built simulation or through the direct comparison with the historical 
performance data. However, although both of these two methods are theoretically feasible, the final decision is 
depending on the available field data collected from different time periods.  
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4.1. Evaluation Procedure based on benchmark simulation 
     The thermal energy system performance evaluation procedure includes following steps: 1) Baseline 
establishment by simulation. Initially, an as-built prototype building will be established based on the selected 
building performance standard, such as ASHRAE 92.1, American Building Research Benchmark, IECC and so on. 
The following include thermal load calculation for the baseline building, system capacity determination, thermostat 
function simulation through which system cycle information could be obtained, data filtering, and performance 
parameter calculation.   2) Field data collection. The collection process may refer to previous section, which gave a 
full description from data collection to final calculation. 3) Evaluation based on benchmark simulation. After 
acquiring the refined performance parameter data from both simulation and field, a thermal performance evaluation 
could be implemented conveniently by statistical analysis. 
The Building America Research Benchmark is developed by the DOE Residential Buildings Program and the 
National Renewable Energy Laboratory in consultation with the Building America industry teams, to track progress 
toward aggressive multi-year, whole-house energy savings goals of 40%–70% and on-site power production of up to 
30%. The benchmark is generally consistent with mid-1990s standard practice and represents typical construction at 
a fixed point in time so it can be used as the basis for Building America’s multi-year energy savings goals without 
the complication of chasing a moving target. 
Below summarizes some key definitions from the Benchmark, which is referred as the base case throughout the 
rest of this part. The Benchmark envelope specifications are as follows: same shape and size as the Prototype; same 
area of surfaces bounding conditioned space as the Prototype with the exception of the attic, which shall be insulated 
at the attic floor; same foundation type (slab, crawl space, or basement) as the Prototype; same basement wall 
construction type as the Prototype (masonry, wood frame, other). Standard operation conditions, such as thermostat 
setpoint and the use of natural ventilation, are established and used for all the simulations.  
                 Table 3. Benchmark Exterior Wall Components. 
Component 
Code # 
Description Thickness 
[ft] 
Density 
[lbm/ft3] 
Specific Heat 
[Btu/(lb R)] 
Resistance 
[(ft2 F h)/Btu] 
609 Lapped wood siding 0.03 18.00 0.28 0.57 
608 Plywood sheathing 0.10 34.00 0.29 1.31 
100  2×4 wood frame wall 0.30 7.06 0.2775 1.12 
116 Insulation   0.46 4.55 0.26 13.24 
620 Gypsum wallboard  0.03 50.00 0.26 0.33 
---- Total     ---- 16.56 
 
Another key issue is to select a tool to simulate the thermal load. An hourly simulation is the minimum requirement 
to evaluate the time-dependent energy impacts. Thermal mass, solar heat gain and wind-induced air infiltration are 
examples of time-dependent effects that can be accurately modelled only by using a model that calculates heat 
transfer and temperature in short time intervals. Energy Plus is the hourly simulation tool with the one minute 
minimum interval for systems analysis studies. In this study, Energy plus input files that define materials, systems, 
and boundary conditions consistent with the Benchmark were developed, and Figure 11 shows the prototype 
simulation model for the test building. 
A Benchmark-compliant simulation is implemented through the same prototype building with a local weather 
file. Table 4 lists the performance parameter values of both the simulated benchmark building and field data during 
December 2009. The basic statistical values include the average and standard deviation values. 
For the heating system performance parameter (Cb*¨T)/Qsys, the field test value is much lower than the baseline 
based on benchmark simulation, i.e., the field system heating capacity is over-sized when compared to the standard 
system capacity from the baseline simulation. 
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Fig.11. As-built simulation model for test house 
     Table 4. Benchmark simulation and field data result during December 2009. 
(Cb*¨T)/Qsys 
Baseline by simulation 
(December, 2009) 
Field Data 
(December, 2009) 
Average Value [Min] 14 7 
Standard Deviation[Min] 0.5 1 
4.2. Evaluation procedure based on historical field data 
The evaluation procedure includes following parts: 1) baseline selection for building thermal performance. 
Depending on the availability and quality of the historical field data, basic data analysis and filtering may be 
required. Some detailed building schedule and the weather information may be provided.  2) Field data collection. 
The details can refer to the previous section, which provided a full description for the whole procedure from data 
collecting to final calculation. 3) Evaluation based on historical data. After acquiring the refined performance 
parameter data from both current and historical data collection, a performance evaluation could be implemented 
through statistical analysis. 
Field data collection was implemented separately during both December 2009 and December 2010 from the same 
house shown in Figure 3. In this case, the historical field data on December 2009 is considered as the baseline data, 
to evaluate the performance of the same system in December 2010. 
Table 5. Historical data (December 2009) and field data (December 2010). 
(Cb*¨T)/Qsys 
Historical data 
(December 2009) 
Current Field Data 
(December 2010) 
Average Value [Min] 7 8 
Standard Deviation [Min] 1 1 
 
Table 5 lists the final performance parameter values from both December of 2009 and 2010.  For the performance 
parameter (Cb*¨T)/Qsys, the statistical average value of current data is pretty close to the baseline value that acquired 
from the historical data, i.e., the current system capacity of December 2010 remains approximately consistent 
compared to the baseline system capacity of December 2009. 
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5. Summary 
In summary, this research is to develop and test a convenient method for the thermal energy system performance 
evaluation of new or existing residential buildings, including a unique system performance parameter, a simple 
evaluation procedure based on the parameter, and a demo of implementing the procedure. As validated in the case 
study, this method is able to quantify the whole building, either existing building or a new one, thermal system 
performance and further to continuously monitor it during the whole life cycle. However, although theoretically this 
method is feasible for any building, the final decision is depending on the available field data collected from 
different time periods. Additionally, this study only focus on heating system performance evaluation, thus, our 
future focus will be about the evaluation parameters development on cooling system performance and also the 
building envelope thermal performance. 
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